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1 Introduction and main results
In this paper, we focus our attention on the non-simultaneous blow-up phenomenon of the
following reaction-diffusion system with two parabolic equations coupled via nonlinear

boundary flux, and one equation with a nonlinear absorption term:

Up = Uy — AU, Vi = Vaxs (x,t) € (0,1) x (0, T),

(1, 8) = "My (1, 1), ve(L,t) = ul(1,t)ef*M,  te(0,T), @)
u,(0,t) =0, v,(0,2) =0, te(0,T),

u(x,0) = up(x), v(x, 0) = vo(x), x € [0,1],

where the parameters p,q,o, 8,A,m > 0. Assume the initial data u, vy are increasing,

positive continuous functions and satisfy

up(1) = oWyl (1),
vp(1) =

(1) ug(l)eﬁ"O(l),
uy(0)=0,  v,(0)=0,

which are the compatibility conditions of the initial data. Furthermore ug — Aug > 0, vg >
0, for x € [0,1].
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Remark 1.1 Under the above assumptions, in the light of the comparison principle, we

can get uy, vy, Us, v, > 0 immediately.

The nonlinear reaction-diffusion systems like (1.1) originate from the description of
chemical reactions, heat transfer, etc.; see [1, 2]. The Neumann boundary conditions with
cross-nonlinear terms can be made explicit as the boundary fluxes in heat transfer. The
system (1.1) physically describes heat transfer in a mixed medium with an absorption
and nonlinear boundary flux which obeys different laws, a power law and an exponential
law; see [3—-8]. In recent years, phenomena of non-simultaneous blow-up for nonlinear
parabolic systems were widely studied [9-19].

When A = 0, the system (1.1) without absorption term has been considered by many
authors. In [7], Song gave the blow-up conditions and blow-up rates. Liu and Li [11] got
the parameter regions, in which non-simultaneous blow-ups may occur.

Inspired by the above work, we will focus on the simultaneous and non-simultaneous
blow-up conditions to system (1.1), and list our main results as follows.

Theorem 1.1 Let p = max(”’T”, 1), if any of the following conditions holds:

Q) a>pu,
2) B>0,

() pg>pla—w),
the solutions of (1.1) may blow up with proper initial data.

If the blow-up conditions of (1.1) in Theorem 1.1 are already satisfied, actually the blow-
up occurs, then we get the requirement under which simultaneous or non-simultaneous

blow-up occurs.

Theorem 1.2 Non-simultaneous blow-up may occur if and only if
ia>q+L
or B>p.

a>u or a=u>1

On the basis of the above theorem, we get a corollary straightforwardly, as follows.

Corollary 1.1 Any blow-up is simultaneous if and only if

{ﬁsn
a<g+1l or a<pu.

We organize the rest of this paper as follows. In the next section, we address the blow-
up conditions of system (1.1), and we give the proof of Theorem 1.1. In Section 3 we will
consider the sufficient and necessary conditions of # blowing up while v keeps bounded,
which will be written as a lemma. In Section 4, the sufficient and necessary conditions of
v blowing up while # remains bounded will be researched, in order to complete the proof
of Theorem 1.2.



Xu Boundary Value Problems (2015) 2015:213 Page 3 of 11

2 Blow-up

In this section, we consider the blow-up condition of system (1.1). In the light of the
comparison principle, we structure sub-solutions of this system, as derived from Hu and
Yin [20].

Proof of Theorem 1.1 Under the parametric assumption, we can get

ﬂ p+1
e’ >, P’ > <—) Pl
- “\B+1

Assume (u,v) is a pair of solutions of the following system:

U =Uy, — )"Em’ Vi =Yoo (xr t) € (0’ 1) X (01 T))

Zx(l? t) = ZP(L t)ﬂa L2), te(0,7),

v (1,0 = w05 (L8, te(0,T), 21)
u,(0,t) =0, v,(0,£) =0, te(0,T),

u(x, 0) = up(x), v(x,0) =vo(x), «x€(0,1].

According to the conclusions of [21], let u = max(’”T"l, 1), if any of the following condi-

tions holds:
1) a>u,
(2) B>0,

(3) pg>Bla—u),

the solutions of system (2.1) may blow up with suitable initial data. It is easy to check that
(&, v) is a pair sub-solution of (1.1), which indicates the solutions of (1.1) also blow up by

the comparison principle. d

3 u blows up while v remains bounded
In the next two sections, we prove Theorem 1.2 with five lemmas. This section deals with
the conditions of u blowing up while v remains bounded.

First of all, we consider the single equation problem

Uy = Uyy — U™, (x,2) € (0,1) x (0, T),
u,(L,8) = u®(1,£)e?"®, u,(0,£)=0, te(0,7), (3.1)
u(x,0) = ug(x), x € 1[0,1],

where the parameters m, p, o, A agree with system (1.1), and /(¢) is a continuous, bounded,
and non-decreasing function, with 4(t) > § > 0.

Now we prove a lemma, using similar steps to Theorem 1.2 in [16]. C is a positive con-
stant independent of ¢, and it may change during the proof and at different places.

Lemma 3.1 Assume u is a solution of (3.1), and one of the following conditions holds:
N a>pu,

1 A
(i) a=wpu>1 with 8>—10g(—).
2p o
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Then u may blow up for sufficient large initial value, and furthermore

-1
u(l,t) = r[na? u(t) <C(T -1, 0<t<T, (3.2)
0,1

where T is the blow-up time.

Proof Assume w is a solution of the following problem:

Wt = Wyx — AW, (x, t) € (0,1) X (0, T),
wi(L,£) = w*(1, t)e??, w,(0,8) =0, te(0,T), (3.3)
w(x, 0) = ug(x), x € [0,1].

In the light of the comparison principle, w < u, in (0,1) x [0, T). Obviously the two
parameter conditions in the lemma are, respectively, the same as

. m = 1, m>1,
(1) or m+1

“>"3

m>1,

(i) {o=24

1
8> (%)27’ .
From Theorem 4.2 in [22], there exist initial data 1y such that w blows up. Thus, « blows
up at a finite time 7.

Similarly to [20, 23], we utilize the scaling method to obtain the blow-up rate estimate
(3.2). Let M(£) = maxjoj u(-,t) = u(lL,¢), for t € (0, T), and assume

1
oy, s) = M—(t)u(ky +1,k%s + t), [-1/k,0] x (—t/kz,O],
it is easy to check
0 S (pk S ]-r (‘Pk)s Z 01 (pk(or 0) = 1

Let k = M~**1(¢), ¢ solves the following problem:

((pk)s = (‘Pk)yy — A2 (t)((ﬂk)m» ()/, S) € (_l/kx 0) X (_t/kz» 0]1
(91),(0,5) = (@)*(0,5) - 2650, s (~t/k?,0], (3.4)
(@r)y(-1/k,s) = 0, s e (=t/k?,0].

Now we will prove that there exist constants ¢ > 0 and C > 0, such that

c< ((pk)s(o, 0) < C! (35)

for every k small.
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First of all, we prove case (i), when o > j, it easy to check M™~2#*1 — 0 as t — T. For
given {¢y }, there exist a continuous function ¢ and, maybe, a subsequence of it, which is
also denoted by (T such that P, = @5 ki — 0,as M — oo.

As h(¢) is bounded, we conclude that gy, is uniformly bounded. Using the Schauder es-

timates
||(ij ||C2+a,1+zx/2 < C.

The upper estimate in (3.5) follows immediately.

To get the lower bound of (3.5), and prove it by contradiction, we assume that the lower
bound does not hold and that there is a sequence ¢y, such that (¢;)s(0,0) — 0. As g, — ¢,
0<¢=<1¢0,0)=1, s >0, ¢,(0,0) =0, and ¢ satisfies

s = Py (9,8) € (=00,0) x (—00,0], (3.6)

©,(0,5) = 9%(0,s) - D), s € (~00,0]. '
Set ¥ = @y, thus ¥ satisfies

Vs = Yy, (9,8) € (=00,0) x (-00,0], (37)

Uy(0,5) = o - 9*71(0,5) - 7). 9(0,5) > 0, s€(~00,0]. ’

Meanwhile ((pkj)S(O, 0) — ¢5(0,0), thus ¥(0,0) = ¢5(0,0) = 0, as ¥ = ¢; > 0, hence ¥ has
a minimum at (0, 0). By Hopf’s lemma 1 = 0, that is to say, ¢ is independent of s. Thus ¢
satisfies the ODE problem

Py =0,
©,(0) = e?M1) > P, (3.8)
»(0)=1,

then ¢(y) > e . y + 1, which make a contradiction of the fact that 0 < ¢ <1, hence (3.5)
holds, and (3.2) follows immediately.

Now, we prove case (ii). The proof of upper bound in (3.5) is similar, we omit it. The
main difference of case (ii) is the critical case o = mT” > 1. Thus (3.6) becomes

Ps = 90;\/)/ - )\‘(ﬂmi (,)/;S) € (—OO, 0) X (_Oo’ 0]; (3 9)

©y(0,5) = 9“(0,5) - e?"T) | s e (—00,0]. ’
To obtain a contradiction, we set ¥ = ¢;, thus

Vs =Yy —A-m-@" 4, (9,5 € (-00,0) x (-00,0],

¥y(0,5) = - 9*7(0,5) - ") . (0,5) > 0, s (-00,0].
By Hopf’s lemma, ¥ = 0, ¢ satisfies

DPyy — Ap™ =0,

@y(0) = e?"1) > ¢, (3.10)

¢(0)=1.
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The first equation in (3.10) we multiply by ¢,, and we integrate from 0 to y. Since & = ”’T”l,
we derive
A A
2 _ 2 20
=¢,;(0)+ — -,
@y =¢,(0) P
)
o, A1
2 20
= 0)+— -—1,
@y [fpy( )+ ¢ a}
where ¢, > 0. Furthermore
y Y Y -3 %0) A A -3
y:/ wy[%z(o) + =™ - —] dy :/ [ez”hm e —] dyp.
0 o o ©(0) o o
Noticing § > ﬁ log(%), we deduce
.
y> _(eZ(Sp _ &) ,
o
which contradicts y € (—o0,0). We conclude (3.5) is true, and (3.2) follows. (|
Lemma 3.2 Let u be a solution of following problem:
Us = Uyy — AU, (x,2) € (0,1) x (0, T),
u,(1,t) < Lu*(1,¢), u,(0,6)=0, te(0,7), (3.11)
u(x; O) = I/l()(x), S [0, 1];

with . >0, o, m > 0. If u blows up at a finite time T, then either « >  or « = u > 1, and
there exists a positive constant C, such that

-1
u(l,t) = r[na? u(t)>C(T -t)2D, gst— T.
0,1

Proof The proof of Lemma 3.2 is similar to Lemma 3.1 in [23], and we omit it here. [

Lemma 3.3 There exist initial data such that u blows up while v remains bounded if and
only if

a>q+1,
a>pn or a=p>1

Proof We first prove the sufficient condition.

To find suitable initial data (u, vp), such that u blows up while v remains bounded, fix
2K
K
w(x, t) is a solution of (3.3), then w(x, t) is a sub-solution of u. There must exist sufficiently

Vo so that vo(x) > 8 > ﬁ log(g), and denote K = maxjpjvo = vo(1), N = + 3. Assume

large initial data uo such that w blows up at a finite time T < ¢, under the assumption

8> ilog(g),
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We claim that there exists u, large enough such that v < 2K. If it is not true, there must
exist tp < T, which is the first time maxo1; v(:, o) = v(1,%) = 2K. We denote the cutoff

function
L 1), ,6) €[0,1 0, %],
P £) = v(x 1), (x,2) €[0,1] x [0, %] (312)
2K, (%8 €[0,1] x [to, T].
Meanwhile, assume iz(x, t) solves
Ijlt = Ijlxx - )‘-Izmr (x’ t) € (071) X (01 T),
ie(1,8) = 21, 0)eP" M), 1,(0,6)=0, t€(0,T), (3.13)
i:l(x’ O) = I/l()(x), VS [O, 1];

then the blow-up time of #, which is denoted by T", is later than 7. We conclude by
Lemma 3.1

-1

a(l,t) = max a(,t) < C(T -1, 0<t<T.
0,1

Thus,
-1

~ -1
u(l,t) =ul,t) < C(T -t)2D) <C(T -t)2D, 0<t<ty. (3.14)

Let I'(x, t) be the fundamental solution of the heat equation in [0,1], so

I(x,t) =

1 {—xz}
———expl —¢.
2/mt P 4t

From the classical theory of the heat equation, we know that I" satisfies (see [24])

1
/ Fx-yt-2)dy<1,
0

t 1 t
/ ro0,t-1)dt=—=+t-z / rat-rt) dt <C'\/t-z,
z \/E z

1
2(t—1)

or -
—&-yt-1)= )
ony 2(t-1)

Fx-yt-1), xy€l(0,1,0<z<t.
We deduce from the Green’s identity of (1.1) for v that
1 t v
v(x,t):/ F(x—y,t—z)v(y,z)dy+f — @, t)F'x-1,t-1)dr
0 z ox
rar Lar
—/ —(x—l,t—t)v(l,r)dt+/ —(x,t—1)1(0,7)dT, (3.15)
z 877)/ z an}’
with0 <z<t<T,0<x<1. Setz=0,and x — 1, one derives that

1 t
v(1,£) = / 1 -y,0)v(y,0)dy + / ui(1,7)e?" M0, — 1) dr
0 0

dr.

t 1
+ /0 v(0,T)'(1, ¢ - T)Z(t— )
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Combining with (3.14), we have

to a1
v(1, 1) < vo(1) + Coel" i) / (to—7) @D 2 dr + C*' & - v(L, to). (3.16)
0
Asg<a -1,
b 4 1 1
/ (to—1) 2D 2dr <« —,
0 NGy

and we can choose enough large u, such that T sufficiently small, it implies /zy < /T <

1
NC**

Therefore

N-1

1
v(1,£0) < vo(1) + ﬁeﬂm’m'

Thus

2N -1

1
K <K+ —¢&*P,
N

SO

o2KB
N<—+2,

K
which is a contradiction.
Next, we prove the necessary condition.
If u blows up, v remains bounded. Then v < K for (x,£) € [0,1] x [0, T), so

Up = Ugy — Au'™, (x, t) (S] (0,1) X (0, T),
uy(Lt) <u*(1,8)e’%,  u(0,6)=0, te(0,7),
u(x,0) = uo(x), x€[0,1].

Thus we can conclude from Lemma 3.2 that @ > & or o = u > 1. Furthermore,

-1
u(l,t) = r[na? u(t)>C(T —t)2D, ast— T.
0,1

Now, we will show the requirement of g < @ — 1. Let x — 1 in (3.15), we deduce

t t g 1
V(l,t)z/ uq(l,r)~eﬂ"(1")F(0,t—t)dr2C1/ (T —7) %02 g,
V4

z

Then we get g < @ — 1, in order to ensure the boundedness of v(1,¢) as ¢t — T O

4 v blows up while u remains bounded
This section focuses on the conditions of v blowing up while u remains bounded, in order
to complete the proof of Theorem 1.2.

Lemma 4.1 There exists € > 0, such that

v(l, 1) < -% log[28 - & - up? (T —1)]. (4.1)
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Proof Let J(x,t) = v, — ev2, where ¢ is a constant to be determined. For any initial data vy,
we can take small ¢ < g, such that

Jo—Jux =26 V2, >0, (x,£) € (0,1) x (0, 7),
J(L,t) = [g-ut™ - u; - ef" + (B —28)u?- e - v,]J(1,£) >0, te(0,T),
J.(0,1) =0, te(0,7T),
J(x,0) >0, x €[0,1].

By the comparison principle J > 0, thus v,(1,¢) > evﬁ(l, t),int € [0,T). Then
vi(L,2) - e 2P0 > 4241, 7).

Integrate the above inequality on (¢, T) to obtain

T T
/ e Py, de > / W(1,€)dE > ¢ - u(1) - (T - 0).
t t
Hence (4.1) follows. O

Lemma 4.2 There exist initial data such that v blows up while u remains bounded up to
blow-up time T, if and only if p < B.

Proof First, we prove the sufficient condition.
We denote a set of initial data as follows:

V = {uo(x) = uo(1) + (VM? +4—M)/2—\/1—M(x/M2 +4-M?) - x2/2,
vo(x) =vo(1) + (VN2 + 4 - N)/2 - \/1 N(VN?+4-N?)-x%/2,x € [0,1]}

with M = "o ug(1), N = z,tg(l)e"""0 .Setoneg=¢gg = g, uniformly in Lemma 4.1 for any
initial datain V.

Fix uo(1) = & > 0, with Ny > 2&y. Meanwhile, we can set the initial data vy large enough
such that T satisfies

2 — v B
NoZ2§0+'B ﬁp-C~N8‘ (2,38050) .

Consider the scalar problem as follows:

Up = Uy, — AU, (x,2) € (0,1) x (0, T),
%,(1, ) = NS (2Beot2ly (T -1 %,  7,(0,6)=0, te(0,T),
u(x,0) = ug(x), x €1[0,1],

where 1 satisfies (1) = Ng(2ﬁ80§0q T)” i , to(1) = 280, Uy (%), Ug (%) > 0, U (x) > ug(x).
Since B > p, by Green’s identity,

p t 1 »
u<25+C-N§ (2,380%'0 )7ﬁ-‘/ (t-1)"2(T-1)2Pdt
0
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so U satisfies

It

T(L0) > (2Be0t2) F (T -0 % @ (1, 0).

follows from Lemma 4.1 that u satisfies
Up = Uy — AU™, (x,1) € (0,1) x (0, T),
uy(1,£) <u*(L,¢) - (2/38053‘7)_2% (T - L‘)_Z%, ug(0,t)=0, te(0,T),
u(x,0) = uo(x), x€[0,1].

In the light of the comparison principle, # < u < Ny, and hence v blows up alone.

Next, we prove the necessary condition.
Since u < C, by Green'’s identity,

v(1,8) > log[C(T - O] 7, te(0,T).

Then

1 t _z 1
Eu(l,t)zC/ (T-t) 2(t-1)2dT.
0

Thus, 8 > p must hold to ensure the boundedness of u. O
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